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Abstract 

T-odd correlations as physical observables in the B K*i~^i~ decay have been 
studied using the most general form of the effective Hamiltonian. It is observed that 
these quantities are very sensitive to the new physics. We estimate the potential of 
discovery of these quantities at future hadron colliders. 
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1 Introduction 



Rare B decays, induced by flavor changing neutral current (FCNC) b — > s{d) transition, 
provide potentiaUy the stringiest testing ground in the Standard Model (SM) at loop level. 

Moreover, b s{d)i~^£~ decay is also very sensitive to the new physics beyond the SM. New 
physics effects manifest themselves in rare B decays in two different ways, either through 
new contributions to the Wilson Coefficients existing in the SM or through new structures 
in the effective Hamiltonian which are absent in the SM. 

Recently, time-reversal (T) violation has been measured in the K° system [1]. Unfortu- 
nately, the origin of T, as well as CP violation which also has been obtained experimentally 
in system, remains unclear. In the SM, both violations come from a weak phase of 
the Cabibbo-Kobayashi-Maskawa (CKM) matrix [2]. SM predicts also violation of CP 
in the B^ system (see for example [3]). The study of CP violation constitutes one of the 
main research area of the working B factories [4]. These factories have already reported 
evidence for the CP violation in the B systems, namely sin 2/3 = 0.741 ± 0.067 [5]. In this 
work we investigate T-violating effects in the B K*l^(r using the most general form of 
the effective Hamiltonian. It should be noted T-violation effects in the A;, M'^(r and 
B — > K*£^£^ decays were studied in the framework of the supersymmetric model in [6] 
and [7] as well as in the A;, — > A£+£~ decay using the most general form of the effective 
Hamiltonian in [8], respectively. 

It is known that for a general three-body decay, the triplet spin correlations s- {pi x pj) 
arc the T-odd obscrvablcs, where s, pi and pj arc the spin and final momenta of the final 
particles. Thus in the B — > K*£~^£~ decay, the T-odd observables can be constructed in 
two different ways. 

• either by choosing lepton polarization as the polarization of the final particles, 

• or by choosing polarization of K*. 

The first possibility, i.e., the choice of the lepton polarization in the B — > K*i'^i~ decay, 
was studied in detail in [9]. For this reason in the present work, in investigating the T- 
violating effects, we choose the second possibility, namely, we choose K* polarization to 
represent the polarization of the final state. 

The paper is organized as follows. In section 2, using the most general, model inde- 
pendent form of the decay amplitude for the b — > st^l~ transition, we study T violation 
in the B — > K*£'^£~ decay. Section 3 is devoted to the numerical analysis and concluding 
remarks. 



2 Theoretical background 

The matrix element of the B K*£^£^ decay is described by the b s£^£^ transition 
at quark level. The decay amplitude for for the b — > s£~^£^ transition, in a general, model 
independent form can be written in the following form [9]- [11] 

M = -^VtbV*\ CsLsia^u^Lb£r£ + CBRsia^.\bhn + C'£lsLi^bL£Ll,.£L 
v27r I ? ? 
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+ CLRLRSLbnldR + CRLLRSRhddR + C LRRLShhRiR^L + CRLRhSRhdR^L ? , (1) 



where L — (1 —75)72 and R — (1 +75)72 are the chiral operators and Cx are the coefficients 
of the four-Fermi interaction. Note that this form of the decay amphtude is motivated by 
various extensions of the SM, such as the two Higgs doublet model and supersymmetric 
models. The first two of these coefficients, Csl and Cbr. describe the penguin contributions 
which correspond to —2nisC'-j^^ and —2mi,Cj^^ in the SM, respectively. The next four terms 
in Eq. (1) represent the vector type interactions, of whom the two with the coefficients C 



tot 
LL 



and C|f^ do exist in the SM in the forms {C^^^ — Cio) and {C^^^ + Cio), respectively, i.e.. 



^tot 
'-'LR 



Cg-^-^ — Cio + Cll 

Cg + Cio + Clr 



(2) 



The remaining last four terms describe the scalar type interactions. 
The effective Wilson coefficient Cg^^ is given by [12, 13] 



Clff^Cg{pi)+Y,,rt+^C^'^ 



E 



m 



Vi 



(3) 



where C^^^ = 3Ci + C2 + SCs + C4 + 3C5 + Ce, and V{Vi i'^i') are the masses and 
the widths of the ijj family, and Ypertiq'^ /ml) arises from the one-loop matrix element of 
the four-quark operators and can be found in [12, 13]. The last term in Eq. (3) describes 
the long distance contribution from the real intermediate cc states [14]. The factor Ki for 
the lowest resonances are chosen as kj/^ = 1.65 and k.^/ = 2.36 (see [15]) and for the higher 
resonances the average of the kj/^ and k^/ have been used. 

Exclusive B — > K*l^l'~ decay is described in terms of matrix elements of the four quark 
operators in Eq. (1) over meson states B and K* ^ which are parametrized in terms of form 
factors. The decay amplitude for the B —>■ K*i~^i~ decays is found to be 



M 



Ga 



4^277 

+ + 75)4 - 2Vij,e^,;,,£ Vg" - iVR.el + iVR,{e*q)P^ + iVR,{e*q)q^ 



+ 



75)£ iSL{e*q) + l{l + 75)^ iSR{e*q) 



(4) 



where P — p + pb, q — Pb — P, and p and £ are the K* meson four-momentum and four- 
polarization vectors, and and Vi?. are the coefficients of left and right handed leptonic 
currents with vector structure, and Sl^r are the coefficients of the scalar currents with left 
and right chirality. Definitions of the form factors and functions Vl.,r. can be found in [16]. 

In order to obtain T-odd terms e^^at3q''£*''P£P'^ , we study the B K*i~^£~ {KTT)i+i~ 
process. The hehcity amphtude M^*^*^ of the B — > K*£~^£~ decay can be written as 



(5) 
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where 



(r(p,-,A,)£+(p,+,A,) 



(6) 



where ey* is the polarization vector of the virtual intermediate vector boson (7 or Z), 
satisfying the relation 



where the summation is over the helicities Ay* = ±1, 0, s of the virtual intermediate vector 
boson, with the metric defined as r]+ — rjo — —rjs — 1 (see [17, 18]). In Eq. (6), and 
represent the leptonic and hadronic currents, respectively. 
Using Eqs. (4-6), we get for the helicity amplitudes 



Mr 



Mo 
Mo 



sin 61^ , 
(-l±cos^^)A+- 

(l±cos^^)Ar , 
sin6IM±~ , 

cos Mr + ^0^^ 
sin6'^Ar , 
smOiAo'^ , 
cos 9eAo~ + Bo~ 



(7) 



where is the polar angle of position in the rest frame of the intermediate boson with 
respect to its helicity axis. Explicit expressions of the functions A and B are presented in 
the Appendix (see also [16]). 

Using the helicity amplitudes given in Eq. (7), the angular distribution in B ^ K* (^ 
K7T)i~^i~ is given by the following expression 



dr 



217^6, 



\VtbV*,\ B{K* K7i)dq'^d cos Oxd cos 9id^ 



\l/2/ 2 2 2\\l/2/ 2 2 2\\l/2/ 2 2 2\ 

X {2 cos^ Ok [ cos^ e^Ni + sin^ ^^A^a + 2 cos 9^ Re{N^) + A4 

+ sin^ Ok \ sin^ OiNr, + (1 + cos^ 6'^) A^g + 2 cos OiN-j + 2 sin^ Of, sin 2(/7 Im(A^8) 

— 2 sin 9e cos 2(^Re(A'8) + \/2sin2^K sin 9i cos ip Re(cos 9(,Nq + A^io) 

- \/2sin2^K sin Of, sin ip Im(cos^,iVn + Ari2)} . (8) 

Various angles in Eq. (8) are defined as follows: 9k is the polar angle of the K meson 

in the rest frame of the K* meson, measured with respect to the helicity axis, i.e., the 
outgoing direction of the K* meson. 9i is the polar angle of the in the dilepton rest 
frame, measured with respect to the helicity axis of the dilepton, and tp is the azimuthal 
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angle between the two planes defined by the momenta of the decay products K* Kn 
and V i^i^ . Also, explicit expressions of the functions iVj are given in the Appendix. 

It follows from Eq. (8) that terms with ~ Ns, Nu and A^i2 contain imaginary part. If 
we rewrite Eq. (8) for the SM case, we immediately see that there are two possible sources 
for T violation: 

• T violation coming from ImCg^^C^, 

• T violation coming from ImCioC^. 

In SM only C^^^ has imaginary part (see Eq. (3). Therefore we can conclude that 
T-odd observablcs could be nonzero in the processes involving strong phases or absorptive 
parts even without weak CP violating phase. In this work we explore the possibility of the 
existence of T violation due to the new weak CP-violating phases. It follows from Eq. (8) 
that, in order to have nonvanishing T violation 

• interactions of new type must exist, 

• contributions of different new Wilson coefficients must have weak CP-violating phases. 

In order to discard terms ~ ImCg-^-^C^ which give rise to T-violation in the SM, we 
consider the following T-odd observable 

{O) ^Jodr, (9) 

where O is the T-odd correlation, given by 

^ ^ {Pb-Pk)[pb ■ {pk X Pi+)] ^^^^ 

In the K* rest frame, O = cos 6k sin 6k sin 6i sin (p. The statistical significance of the T-odd 
observable in Eq. (8) is determined by [7], 

^"""^ (11) 



It should be noted that in in Eq. (11), integration over q"^ is carried out in order to eliminate 
the dependence of e. Our final remark in this section is that, T-odd effects that are 
related with the CP violation and CP violating asymmetry between the decay rates of 
B — > K*£~^£~ and B — > K*£~^£^ are discussed in the second reference in [10]. 

3 Numerical analysis 

In this section we will study the dependence of the statistical significance e on the new 
Wilson coefficients. For the B K* transition form factors, which arc the main input 
parameters in e, we use the light cone QCD sum rules method prediction [19]-[21]. The 
dependence of the form factors on can be written in terms of the three parameters as 

-^(^ ) ^ 1 TTT 2 \ I T / 2 / 2T2 ■ (-'-2) 
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F(0) 


dp 


bp 


^1 


34 ± 05 


0.60 


—0.023 




28 ± 04 


1.18 


0.281 


V 


46 ± 07 


1.55 


0.575 


1 


19 ± 03 


1.59 


0.615 




0.19 ±0.03 


1.49 


-0.241 




0.13 ±0.02 


1.20 


0.008 



Table 1: The B — > K* transition form factors in a three-parameter fit. The values of the 
form factors are taken from [20] . 

The value of the parameters Fi{0), a and b for various form factors are presented in table 
1. 

In further numerical analysis, we use next-to leading logarithmic approximation results 
for the values of the Wilson coefficients Cy, Cg'^^ and Cio at n = nib [12, 13]. As has 
already been noted, in the process under consideration, only short distance contributions 
are taken into account in the Wilson coefficient Cg^^^ (see the expression for Cg^^ given 
in Eq. (3)). The new Wilson coefficients vary in the range — |Cio| < Cx < |C'io|- The 
experimental bounds on the branching ratio of the B — > K*ij,~^ij,~ [21] ^ and B tJ-^ fJ-' 
decays [22] suggest that this is the right order of magnitude range for the vector and 
scalar interaction coefficients. The present experimental values on the branching ratio 
B{B — >• K£^£~) = (o.78^o!24-aii ^ 10^^) lead to stronger restrictions on some of the new 
Wilson coefficients, namely, -1.5 < Ct < 1.5, -3.3 < Cte < 2.6, -2 < Cll;Crl < 2.3 
while for all remaining coefficients —4 < Cx < 4. Note that if the latest results for the 
branching ratio for the B — > K*£'^£~ decay are taken into account (see the footnote below) , 
the allowed regions of the new coefficients are —2.5 < Cll < 0, < Crl < 4 and all 
remaining coefficients vary in the region —4 < Cx < 4. As has already been noted, in order 
to obtain considerable statistical significance e, the new Wilson coefficients must have new 
weak phase. For simplicity we assume that all new Wilson coefficients have a common weak 
phase (p. The dependence of the e on the Wilson coefficients Cll, Clr, Crl and Crr and 
on the weak phase for the B — > K*iJi,'^ijr decay is presented in Figs. (l)-(4). Note that 
the dependence of e on the Wilson coefficients for scalar interactions for the B — > K*!!^!!" 
decay is not presented since for all their values |e| is very small (< 0.2%). 

From these figures we see that e gets its largest value for Cll about 5%, for Clr and 
Crr about 3% and Crl about 4%, for the B — > K*/j^fi^ decay. 

^The latest result released by the BaBar Collaboration for the branching ratio of the B K*£'^£~ 
decay, is 

B{B K*i+£-) = {l.eStoil ± 0.18) X 10"^ . 
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The situation is quite different from the previous case for the B — > K*r~^T~ decay. In 
this case contributions coming from the scalar type interactions are dominant (see Figs. 
(5)~(8)), while vector type interactions give negligibly small contributions to e. Wc observe 
from these figures that e gets its maximum value ~ 4% for Clrlr and Crllr- We also 
note that in the present work Cbr and Csl are assumed to be identical, as is the case in 
the SM, since experimentally measured branching ratio of S — > Xg^ decay is very close to 
the SM prediction [23]-[25]. 

Finally we would like to discuss the detectability of e in the experiments. In order to 
observe this effect at the na level, the required number of B mesons are As = /{Be^). 
If the branching ratio takes on the following values 



B{B K*e+r) = < 



2.0 X 10"^ , for n mode, 
2.0 X 10-^ , for T mode , 



then to be able to observe T-violating effects of O in the B — > K*£~^£ decay at 3a level, 
with £ ~ 3%, at least 



5 X 10^ , for fjL mode, 

5 X 10^*^ , for r mode , 



B mesons are needed. Since at LHC and BTeV machines 10^^66 pairs are expected to be 
produced per year [26], the observation of T-violating effects in the B K*£~^£~ decay is 
quite possible. 
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Appendix A 



In this appendix we present the exphcit expressions of the functions A, B and entering 
into Eqs. (7) and (8). 



^++ = ±V2m,{{Cti + Ct'R)H± + ^ {CbrG± + CsLg±) + {Crr + C«i)/i±} , 
Aj^ — —A'\.^ , 



A 



± 



Ci°l(l - ^) + Ci''^(l + + C,^41 -v) + Crr{1 + v) 



+ ^ (CfiRGi + CsLg±) } , 



Al+ = At-iv^-v) , 



^++ = 2m4(Cit + Ci°^)i/o + {Crl + CRR)ho + ^ {CbrGo + CsLgo) 

L ^2 

B++ = -2me{iCl% - C^Dh's + {Crr - CrM) 

(1 - - Crllr) - (1 + ^^)(CLi?i?L - Crlrl) 

Tfli) 

= - ^) + ^^1(1 + v)\h^ + [CflL(l - t;) + Cflfl(l + v)\h^ 

2 

^ (^brGo + CslQo) } , 



(A.l) 



where v = ^Jl — imj/q'^ is the lepton velocity and superscripts denote hehcities of the 
lepton and antilepton and subscripts correspond to the hehcities of the K* meson, and 
furthermore 



1 



+ {tub + mK*)Ai{q'^) , 



Ho 



iriB + rriK* 

- {m% - Sm - q^){rnB + mK*)Ai{q^) 



+ X{ms,SM,q 



^ A^/^(m|,SM,g 
2Vsm? 

+ 2v^(^3 - ^o) 



"rriB + rriK 

2 



- (ms + m^f*) H ("^1 - Sm) 

niB + 



(A.2) 
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1 



Go 



«2 



[m. 



SM)imB -Sm -q )T2{q ) - K^b^ ^M,q ) T2{q ) 



+ 



-Tsiq') 



rriQ - Sm 
ho = Ho{Ai ^ -A, ^2 

^± = G±(r2 ^ -r2) , 

5-0 = -Go ■ 



-A2) , 







2 

+ 


^0" 


2 










N2 = 




2 

+ 


Ao^ 


2 












[B^y+Ao- 










iV4 = 




2 

+ 


Bo- 


2 










A^5 = 




2 

+ 




2 

+ 




2 

+ 


AZ' 


2 


A^6 = 


K- 


2 

+ 


AZ+ 


2 

+ 




2 

+ 




2 


iVy = 




2 

+ 




2 




2 




2 



A^8 = + AX~ {At-y + {Az^y + a;- (a:-)* , 

N, = .1++ - Ax^y - At- {At- + Ax-y - (^:+ + A--^y 
+ A-^- (as - A--y , 

A^io = B^^ - + At- {-At- + + ^0 ^ {A---' - V)* 

+ 5o"(^:--^r)* . 
A^i2 = A^io {aX^ ^ ^ -AX', A;+ ^ a;- ^ -A;-) . 
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Figure captions 

Fig. (1) The dependence of the statistical significance e on the new Wilson coefficient Cll 
and on the weak phase (f) for the B — > decay. 

Fig. (2) The same as in Fig. (1), but for the Wilson coefficient Clr- 

Fig. (3) The same as in Fig. (1), but for the Wilson coefficient Crr. 

Fig. (4) The same as in Fig. (1), but for the Wilson coefficient Crl. 

Fig. (5) The dependence of the statistical significance e on the new Wilson coefficient 
Clrrl and on the weak phase (p for the B — > K*t^t^ decay. 

Fig. (6) The same as in Fig. (5), but for the Wilson coefficient Clrlr- 

Fig. (7) The same as in Fig. (5), but for the Wilson coefficient Crlrl. 

Fig. (8) The same as in Fig. (5), but for the Wilson coefficient Crllr- 
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Figure 2: 
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Figure 4: 
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Figure 6: 
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Figure 8: 
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